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Introduction
Electrochromic (EC) materials, which change the color by electrochemical redox, have attracted much attention due to the wide applications including electronic paper and smart windows. [1] [2] [3] As a new type of EC materials, we have investigated metallo-supramolecular polymers, which are synthesized by the 1:1 complexation of metal ions (Fe, Cu, Ru et al. ) and ditopic ligands such as bis(terpyridine)s and bis(phenanthroline)s. [4] [5] [6] [7] [8] [9] [10] [11] The polymers have a specific color based on the metal-to-ligand charge transfer (MLCT) absorption. We have revealed that the appearance/disappearance of the MLCT absorption can be reversibly controlled by the electrochemical redox of the metal ions in the polymer. The metallo-supramolecular polymers, which include many metal ions, are a cationic polymer and surrounded by the equivalent amount of counter anions to neutralize the positive charges. Therefore, it is anticipated that the counter anions influence to the EC properties of the polymers. Actually, Tieke et al. reported that introduction of electroactive anions to an organic polymer with Zn complex moieties changes the EC properties of the polymer. [12] Here we report the anion effects to the EC properties of metallo-supramolecular polymers for the first time. 6 , Li 2 CO 3 , and LiOAc) were purchased from Aldrich. KBr was purchased from Wako. These chemicals were used without further purification. 
Experimental

Anion exchange
A methanol solution of polyRu (5 mM) was filtrated with a syringe filter (pore size: 0.45 μm) before the film preparation. The polymer films were prepared by spin-coating (200 s at 20 r/min) the polymer solution (50μl) on an ITO glass (2.5 × 2.5 cm). For the exchange of the counter anion, the polymer film was dip into a deionized water solution including 0.1 M of a lithium salt (LiCl, LiTFSI, CF 3 SO 3 Li, LiBF 4 , LiClO 4 , LiPF 6 , Li 2 CO 3 , or LiOAc) for 10 times (3 s/time). Then, the polymer films with different counter anions (polyRu-Cl, polyRu-TFSI, polyRu-CF 3 SO 3 , polyRu-BF 4 , polyRu-ClO 4 , polyRu-PF 6 and polyRu-CO 3 , respectively) were obtained by washed with deionized water and dried under N 2 gas. When LiOAc was used, the film was dissolved in the solution due to the high solubility of the prepared polymer with -OAc. The counter anions in the polymers were confirmed by the IR spectra (KBr method; polyRu-TFSI: 650 cm 6 : 840 cm -1 (P-F); polyRu-CO 3 : 1050/1150 cm -1 (C-O)). [12] [13] [14] 3. Results and discussion 3.1 Optical property In UV-vis. spectra of the obtained polymer films, the MLCT absorption was observed around 510 nm ( Figure 2 ). The maximum wavelength was slightly different among the polymers. Such small shift of the MLCT absorption in Ru(II) complexes by changing the counter anion has been reported so far. [15] It is expected that the anion exchange causes the structural reorganization of the polymer, based on the different ionic interaction to the Ru(II) complex moiety. [16, 17] The counter anions of the original polyRu are chloride ions, because RuCl 2 (DMSO) 4 , was used as the Ru(II) salt. The maximum wavelength of the MLCT absorption in polyRu was almost the same to that in polyRu-Cl, which was obtained by the treatment of polyRu with LiCl. This result indicates that Li ions do not influence to the MLCT absorption of the polymer. Fig. 2 . UV-vis. spectra of the polyRu films in the range of (a) 400-800 nm and (b) 500-530 nm (a: polyRu-TFSI; b: polyRu-PF 6 ; c: polyRu-BF 4 ; d: polyRu-CF 3 SO 3 ; e: polyRu-ClO 4 ; f: polyRu-Cl; g: polyRu-CO 3 .
Electrochemical property
A reversible redox wave based on the redox of Ru(II)/(III) was observed in cyclic voltammograms (CVs) of polyRu-TFSI, polyRu-CF 3 SO 3 , polyRu-ClO 4 , and polyRu-PF 6 ( Figure 3a) . The redox potential (E 1/2 ) was 1.1 V vs. Ag/AgCl for polyRu-TFSI, polyRu-ClO 4 , and polyRu-PF 6 and 1.2 V for polyRu-CF 3 SO 3 . The redox wave in polyRu-Cl, polyRu-BF 4 and polyRu-CO 3 , on the other hand, was pseudo-reversible (Figure 3b ). These results indicate that the "hard" anions such as Cl -and CO 3 2-prevent the redox of Ru ions due to the strong ion pair formation with "hard" Li ions, such as Li + -H 2 O-Cl -and Li + -CO 3 2-, in the electrolyte solution. [18] [19] [20] On the contrary, the "soft" anions such as TFSI -, CF 3 SO 3 -, BF 4 -, ClO 4 -and PF 6 -have less ion-pairing effects because of the low charge-to-size ratio. [18] Therefore, it is considered that the smooth anion transfer in the film enables the reversible redox of Ru ions in the polymer film, because the anion transfer is essential to compensate the positive charge change of Ru ions during the redox. BF 4 -is a "soft" anion, but the redox wave of polyRu-BF 4 has a large peak separation. Since BF 4 -has high hydrophilicity among "soft" anions, [21] it is surrounded by many water molecules. Therefore, it is indicated that the water clusters inhibit the diffusion of BF 4 -in the polymer film. The CVs of polyRu-TFSI, polyRu-CF 3 SO 3 , polyRu-ClO 4 , polyRu-PF 6 and polyRu-BF 4 were measured with different scan rates to investigate the redox mechanism. As shown in Figure 3c , the current showed a linear relationship with root square of the scan rate (R 2 >0.997). The results clearly show that the redox is diffusion-controlled: the diffusion of the counter anion is the rate-determination step.
Electrochromic property
PolyRu-TFSI, polyRu-CF 3 SO 3 , polyRuClO 4 , polyRu-PF 6 and polyRu-BF 4 films showed reversible electrochromic behavior. Transmittance change (ΔT) at the MLCT band between the colored and bleached states (Ru(II) and Ru(III) states, respectively) was monitored while applying an oxidation (1.4 V vs. Ag/AgCl) or reduction (0 V vs. Ag/AgCl) potential (interval: 10 s for polyRu-TFSI, polyRu-CF 3 SO 3 , polyRu-ClO 4 and polyRu-PF 6 and 30 s for polyRu-BF 4 ). Firstly, ΔTs in the films were 65.4-75.4%, but the ΔT decreased in 160 cycles (Figure 4a ). However, polyRu-TFSI showed the similar ΔT even in the cycles. This means high durability of the polymer film. The durability is suggested by the small current value during the redox, too (Figure 3a ), because smaller current generally causes weaker damage to EC materials.
As for the large decrease of T in polyRu-CF 3 SO 3 , polyRu-ClO 4 and polyRu-BF 4 , the oxidized form was gradually dissolved in the electrolyte solution and the ΔT decreased. It is considered that the larger redox current (polyRu-CF 3 SO 3 , polyRu-ClO 4 ) or slower diffusion of BF 4 -in the polymer film (polyRu-BF 4 ) caused the dissolution problem during the durability test. The response time for coloring (reduction from Ru(III) to Ru(II) states) and bleaching (oxidation from Ru(II) to Ru(III) states) was defined as the time needed to change 95% of ΔT. The response time for coloring in the polymers was shorter than that for bleaching, because Ru(II) is more stable than Ru(III) in the complex moieties. PolyRu-ClO 4 showed the shortest response times (3.7/1.0 s) among the polymers. PolyRu-BF 4 , on the other hand, showed very slow bleaching, because it had the highest oxidation potential. The response time depended on the ionic conductivity of anions. The reported order of ionic conductivity was PF 6 -> ClO 4 -> TFSI -> CF 3 SO 3 -> BF 4 -, [22] which was consistent with our experiment results except for PF 6 -. PF 6 -with highest ionic conductivity showed relatively slow response time, probably because highly viscosity of a PF 6 -aqueous solution lowered the diffusion rate.
Color efficiency (η) in EC change is determined by the following equation (1) 
Since ΔODs are almost same among the polymers, low Q d gave high η (Figure 4c ). PolyRu-TFSI has the largest η (270.3 cm 2 C -1 ) due to the smallest charge (15.5 mC).
Conclusion
Ru ( 3 2-) were prepared by anion exchange reaction in the film state. In the UV-vis. spectra, the MLCT absorption was observed around 510 nm and the maximum wavelength was slightly different among the polymers. The polymers with "soft" counter anions such as (CF 3 
